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Abstract
Carpals are often used as age indicators. In a recent study, Cameriere et al. studied the use of the ratio between the total area of carpal bones and
epiphyses of the ulna and radius (Bo) and carpals (Ca) as age indicators. The present study, of a sample of 158 Slovenian children and adolescents
aged between 6 and 16 years, focused on analysing the best regression for age estimation. The regression model yielded the following equation:
age = 3.411 + 0.942g + 20.927(Bo/Ca), and explained 91.6% of total variance (R2 = 0.916). The median of the absolute values of residuals
(observed age minus predicted age) was 0.09 years, with a quartile deviation of 0.786 years, and a standard error of estimate of 0.658 years.
Comparisons between the previous equation referring to Slovenian children and the equivalent linear equation proposed by Cameriere et al. did
not reveal any significant differences between the intercepts and slopes of the two linear models. These results suggested a common regression
model for both Italian and Slovenian samples.
The common regression model, describing age as a linear function of gender and Bo/Ca ratio, yielded the following linear regression formula:
age = 2.907 + 0.408g + 20.757(Bo/Ca). This model explained 86% of total variance (R2 = 0.86). The median of the absolute values of residuals
(observed age minus predicted age) was 0.02 years, with a quartile deviation of 1.02 years and a standard error of estimate of 0.96 years.
# 2007 Elsevier Ireland Ltd. All rights reserved.
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Adolescence is a period of life marked by several changes of
the body, and a number of these changes may be used as age
indicators. In particular anthropometric data, signs of sexual
maturation and mineralisation of bones, are used [1,2].
As regards bone mineralisation, the growth of several parts
of the body and also the appearance of ossification centres, their
morphology, size, and fusion can also be used for age
estimation. Clavicle, knee, hand, and teeth are the most
frequently studied. Knee and clavicle [3–6] are used only for
their fusion of ossification and specifically to evacuate ages of
18 or 21 years, respectively. Conversely teeth and hands [7–12]
may be studied throughout their growth and can be used as age* Corresponding author. Tel.: +39 0733 2582625; fax: +39 0733 2582635.
E-mail address: r.cameriere@unimc.it (R. Cameriere).
0379-0738/$ – see front matter # 2007 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.forsciint.2007.04.212indicators in adolescence. In orthodontic treatment, biological
evaluation or forensic cases, hands and teeth are the parts most
frequently used as age indicators.
The judicial system often demands that a child of unknown
age be assigned an age to ensure that appropriate procedures are
observed in the processing of a court case. In European
countries, the age threshold with regard to criminal respon-
sibility ranges from a minimum of 7 years of age in Switzerland
and Ireland to 21 in Germany.
Hands, and especially carpals, have been used as age
indicators in several studies. Examination is facilitated by the
absence of other hard tissues and the large number of bones,
making this area preferential for age evaluation.
Cameriere et al. [13] applied the ratio between the total area of
carpal bones and epiphyses of the ulna and radius (Bo) and
carpals (Ca) as age indicators. The regression model, describing
age as a linear function of the ratio Bo/Ca, yielded the
following equation: age = 3.253 + 0.719g + 20.610(Bo/Ca),
Table 1
Age and gender distribution of Slovenian sample
Age (years) No. of females No. of males Total
6–7 3 2 5
8–9 6 11 17
10–11 17 9 26
12–13 32 34 66
14–16 17 27 44
Total 75 83 158
Table 2
ANCOVA table for model
d.f. SS MS F-Value p
G 1 2.938 2.938 6.75 0.010
Bo/Ca 1 726.643 726.643 1670.19 <0.001
g:Bo/Ca 1 0.071 0.071 0.16 0.687
Residuals 154 67.00 0.435
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of the absolute values of residuals (observed age minus predicted
age) was 0.08 years, with a quartile deviation of 1.59 years, and a
standard error of estimate of 1.19 years.
The aim of this study was to test this method on a Slovenian
sample, and to provide a specific formula.
The equation was subsequently compared with the linear
equation [13] to establish whether a common regression model
for both Italian and Slovenian samples could be developed.2. Materials and methods
The design of this study was a retrospective cross-sectional study of
radiographs. X-rays of wrist and hand taken from 159 Caucasian Slovenian
children (83 males, 76 females) aged between 6 and 16 years were analysed
(Table 1). All subjects were orthodontic patients and orthopantograms (OPGs)
were made from 2001 until 2004. X-rays in the postero-anterior projection were
taken of the left hand, with fingers slightly splayed. X-rays were produced in
standardised conditions following the indications of TW3. No subject included
in the study displayed any growth disorders. X-ray images were processed by a
computer-aided drafting (CAD) program (Adobe Photoshop 7, Adobe System
Inc., 2001).
The method followed the study previously published by Cameriere et al. in
2005. Briefly, the carpal area (Ca) and epiphyses of ulna and radius wereFig. 1. Plots of data and regression lines (left panel) and residuals against fitidentified and defined by the polygonal lasso instrument of Adobe Photoshop 7
software. The pixels of the area were computed by CAD and are presented as a
histogram.
The areas of the eight carpal bones were selected, and the pixel areas were
calculated and added together to yield the global values of bone areas (Bo).
When two bones overlapped, the common area was calculated only once. The
Bo/Ca ratio between total area of bones and carpal area was calculated and used
for linear regression analysis with chronological age as dependent variable, and
Bo/Ca and gender as predictors. Subsequently, the Slovenian sample was pooled
with the Italian sample evaluated in Ref. [13], made up of 150 Italian children
and adolescents (89 males, 61 females) aged between 5 and 17 years, and a
regression analysis was performed to this pooled sample.
3. Results
Using the data from the Slovenian sample, the analysis of
covariance (Table 2) shows a significant difference in the
intercept of the linear model between males and females
whereas the slope in the regression models for males and
females is not significant ( p = 0.687), which corresponds to the
parallel regression lines.
The parameter estimates of the model with equal slope but
separate intercepts for male and female individuals are listed in
Table 3.
The regression model, describing age as a linear function of
gender and the Bo/Ca ratio for the Slovenian sample, yieldedted values (right panel) using a simple linear regression model (Eq. (1)).
Table 3
Regression analysis predicting chronological age from gender and Bo/Ca ratio
Coefficients Value S.E. t-Value p
Intercept 3.411 0.390 8.743 <0.001
g 0.942 0.106 8.886 <0.001
Slope 20.927 0.511 40.979 <0.001
Table 4
Regression analysis predicting chronological age from gender and Bo/Ca ratio,
for both Italian and Slovenian samples
Coefficients Value S.E. t-Value p
Intercept 2.907 0.350 8.308 <0.001
g 0.408 0.055 7.415 <0.001
Slope 20.757 0.479 43.365 <0.001
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age ¼ 3:411þ 0:942gþ 20:927

Bo
Ca

(1)
This model explained 91.6% of total variance (R2 = 0.916). The
median of the absolute values of residuals (observed age minus
predicted age) was 0.09 years, with a quartile deviation of 0.786
years and a standard error of estimate of 0.658 years.
The residual plot (Fig. 1, right panel) shows no obvious
pattern, and data points did not plot outside the expected
boundaries. The regression lines (Fig. 1, left panel) show that
the regression model fits the trend of the data reasonably well.
Hence, both diagnostic plots support the chosen model.
Comparison between Eq. (1) and the equivalent linear
equation in Ref. [13] showed non-significant differences
between intercepts and slopes. These results suggested that
we look for a single regression model for both Italian and
Slovenian samples. Regression analysis confirmed that
nationality did not affect the considered model ( p = 0.074)
and, accordingly, this covariate was dropped from the model.
The estimated parameters are listed in Table 4.
The regression model for Italian and Slovenian individuals
together, describing age as a linear function of gender and Bo/
Ca ratio, yielded the following linear regression equationFig. 2. Plots of data and regression lines (left panel) and residuals against fit(Fig. 2):
age ¼ 2:907þ 0:408gþ 20:757

Bo
Ca

(2)
This model explained 86% of total variance (R2 = 0.86). The
median of the absolute values of residuals (observed age minus
predicted age) was 0.02 years, with a quartile deviation of 1.02
years, and a standard error of estimate of 0.96 years.
4. Discussion
In the last century the discovery of rays and the increasing
number of auxological and forensic questions have encouraged
the study of bone mineralisation as an age indicator.
X-ray examination of the hand is one of the most widely
used procedures for age estimation, and several methods have
been developed to study the morphological parameters of hand
and wrist for this purpose. One of the last is a method published
in 2005 by Cameriere at al. which analysed the mineralisation
of carpals. Results showed that the accuracy of chronological
age estimations based on this new method is comparable with
that of the FELS and TW3 methods, but it is easier to use than
these techniques, and also shows a reduction in the between-
subject variability observed when skeletal maturity is evaluated
by means of an atlas and other many qualitative predictors. Theted values (right panel) using a simple linear regression model (Eq. (2)).
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sample. One of the most important problems in age estimation
is the variation in different countries. Several methods, using
both by teeth and wrist, are compared with different samples
from various countries with interesting results. Nearly all
studies highlight the fact that the original equation cannot be
applied indifferently. The methods of age estimation that have
been tested on the largest number of different nationalities are
Demirjian method [14–17] and Greulich and Pyle method [18–
22], regarding teeth and wrist and hand, respectively.
Although the Greulich and Pyle atlas is the recommended
method in all the international protocols and is considered as an
acceptable standard, these studies found that the original
formula was not applicable in different countries or between
races. We therefore studied a new Slovenian sample, to obtain
an original model and, then, we compared this equation with the
equation obtained in Ref. [13].
The results did not reveal any statistically significant
difference between the two countries and, therefore, suggested
the possibility of applying one regression equation to both
samples.
The yielded Eq. (2) will be also shown on the web site http://
agestimation.unimc.it. If researches on samples of different
nationalities can be undertaken, results will call for new
parameter estimations, and will be evaluated again in order to
find a possible new equation with more general validity. If that
is the case, the countries involved in the estimation procedure
will be reported on the same web site to highlight the countries
where the proposed formula can be used. The same project
includes assessment of chronological age using teeth following
the method described in Ref. [23]. Also in this case, the
equation will be modified if the study of new samples will be
needed, and the countries where the formula can be applied
with are listed.
In cases when the sample is discordant with these of other
countries, a single equation will be developed, and a new
sample will be assessed to measure the discordance.
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